ADP-ribosylation factor GTPases are activated by guanine nucleotide exchange factors including Gbf1 (Golgi brefeldin A-resistant factor 1) and play important roles in regulating organelle structure and cargo-selective vesicle trafficking. However, the developmental role of Gbf1 in vertebrates remains elusive. In this study, we report the zebrafish mutant line tsu3994 that arises from N-ethyl-N-nitrosourea (ENU)-mediated mutagenesis and is characterized by prominent intracerebral and trunk hemorrhage. The mutant embryos develop hemorrhage accompanied by fewer pigments and shorter caudal fin at day 2 of development. The hemorrhage phenotype is caused by vascular breakage in a cell autonomous fashion. Positional cloning identifies a T 3 G nucleotide substitution in the 23rd exon of the gbf1 locus, resulting in a leucine 3 arginine substitution (L1246R) in the HDS2 domain. The mutant phenotype is mimicked by gbf1 knockouts and morphants, suggesting a nature of loss of function. Experimental results in mammalian cells show that the mutant form Gbf1(L1246R) is unable to be recruited to the Golgi apparatus and fails to activate Arf1 for recruiting COPI complex. The hemorrhage in tsu3994 mutants can be prevented partially and temporally by treating with the endoplasmic reticulum stress/apoptosis inhibitor tauroursodeoxycholic acid or by knocking down the proapoptotic gene baxb. Therefore, endothelial endoplasmic reticulum stress and subsequent apoptosis induced by gbf1 deficiency may account for the vascular collapse and hemorrhage. 2 The abbreviations used are:
In eukaryotic cells, secretory and membrane proteins, lipids, and carbohydrates need to transport from one compartment to another compartment in the form of vesicles. Cargoes, including newly synthesized proteins and lipids on the ER, are coated by coatomer complex II proteins and transported to the cis-Golgi apparatus and then to the cell surface or other organelles (1) . On the other hand, coat proteins and lipids can be retrieved from the Golgi compartments to the ER via COPI vesicles (2, 3) . These transport pathways are essential for development and homeostasis, and their disruption can result in various disease phenotypes (4 -6) .
The ADP-ribosylation factors (ARFs) 2 are guanine nucleotide-binding (G) proteins in eukaryotic cells, which are activated when bound to GTP. ARFs play important roles in regulating organelle structure and cargo-selective vesicle trafficking (7) (8) (9) . For example, Arf1 in combination with Arf4 at the cis-Golgi and ER-Golgi intermediate compartment (ERGIC) can recruit COPI to form COPI-coated vesicles for transporting cargoes to the ER, and Arf3, Arf4, and Arf5 at the trans-Golgi network can recruit other coat proteins to form carrier vesicles for transporting cargoes (10) .
ARF-GDP binds to and is converted by ARF guanine nucleotide exchange factors (GEFs) to the active form ARF-GTP. Gbf1 is one of the high molecular weight ARF-GEFs, initially identified as a factor whose overexpression can relieve the inhibitory effect of BFA on the membrane recruitment of ARFs, coatomer proteins, and other trafficking cargoes (11, 12) . Gbf1 consists of multiple domains, including the N-terminal DCB domain for dimerization and HUS domain probably for membrane recruitment, the middle sec7 domain essential for the GEF activity and membrane recruitment, and the C-terminal HDS domains (HDS1-HDS3) possibly for intracellular destination (reviewed by Ref. 13 ). Because of high molecular weight, the exact functions and mechanisms of different domains of Gbf1 are not well determined and remain elusive.
In vitro studies have shed light on important function of mammalian Gbf1. Knockdown of GBF1 in cultured mammalian cells leads to abnormal distribution of ER exit sites, ERGIC and cis-Golgi elements, and COPI complexes, ultimately inhibiting trafficking of transmembrane proteins and inducing unfolded protein response and cell death (14 -16) . Several studies have demonstrated that GBF1 is necessary for replication and infection of pathogens and viruses (17) (18) (19) (20) and thus could serve as an anti-infection target. However, the * This work was supported by National Natural Science Foundation of China Grant 31330052 and Major Science Programs of the Ministry of Science and Technology of the People's Republic of China Grants 2012CB945101 and 2011CB943800. The authors declare that they have no conflicts of interest with the contents of this article.
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physiological roles of Gbf1 in vertebrate organisms have yet to be investigated. In this study, we report an N-ethyl-N-nitrosourea (ENU)induced gbf1 mutant line in zebrafish, representing the first Gbf1-deficient vertebrate model. This line carries a T 3 G mutation in the 23rd exon of the gbf1 locus, which results in a L1246R substitution in the HDS2 domain of Gbf1 protein. The zygotic gbf1 mutant embryos display intracerebral and trunk hemorrhage after 40 h postfertilization (hpf). The hemorrhage phenotype may result from defective intracellular cargo trafficking systems and thereby endothelial apoptosis.
Results
tsu3994 Mutant Embryos Exhibit Hemorrhage in the Head and Trunk-In an ENU-mediated mutagenesis screen, we identified a zygotic mutant line, tsu3994. We observed that 24.75% of embryos (n ϭ 298) from crosses between heterozygotes started to show reduced pigmentation in the head and much shorter caudal fin at 36 hpf ( Fig. 1A) , which suggests Mendelian inheritance of the phenotype. At 48 hpf, 95% of mutant embryos (n ϭ 137) developed hemorrhage in the head and/or in the trunk region ( Fig. 1B) . The leaking blood cells were easily seen in the brain, eyes, and trunk after O-dianisidine staining (Fig. 1C ). The head tended to have more bleeding sites than the trunk region. All of mutant embryos died before 96 hpf. Our subsequent study focused on the hemorrhage phenotype.
Because hemorrhage is an indication of leakage or dysfunction of the vascular system, we introduced the tsu3994 mutant allele into the Tg(fli1a:EGFP) transgenic background, in which blood vessels are labeled by EGFP (21), to observe vascular defects. Confocal microscopy revealed that the vasculature system of mutant embryos is normal before 30 hpf (data not shown), indicating that vasculogenesis in mutant embryos is unaffected. However, at 48 hpf, some vessels, primarily intracerebral vessels in the head and intersegmental vessels (ISVs) in the trunk, in mutants are broken or disappeared ( Fig. 1D ). In particular, central arteries (CtAs) in the head of mutants are almost lost completely, probably because these CtAs form at later stage (36 hpf) than dorsal aorta, posterior cardinal vein, and ISVs (24 -30 hpf) (22) and can be affected more easily.
To dynamically observe the vascular defects, we generated tsu3994 mutants in the Tg(kdrl:GFP;gata1a:DsRed) double transgenic background. In WT sibling embryos, gata1a-positive blood cells circulated normally through the vasculature from 38 to 48 hpf (Fig. 2 , A and C, and supplemental Movies S1 and S2, left panels); in mutant embryos, however, intracerebral vessels and ISVs collapsed at some sites, resulting in disassociation of endothelial cells (ECs) and flowing away of blood cells (Fig. 2 , B and D, and supplemental Movies S1 and S2, right panels). These observations imply that the vasculature integrity and homeostasis might have been disrupted in mutants.
The Vascular Defect in tsu3994 Is Cell Autonomous-To determine the cellular origin of the vascular defect in tsu3994, we performed cell transplantation between tsu3994;Tg(kdrl: GFP) and Tg(kdrl:mCherry) transgenic embryos at the shield stage and observed trunk ECs differentiated from donor cells at 48 and 60 hpf. We found that ECs differentiated from transplanted tsu3994;Tg(kdrl:GFP) WT sibling cells in the WT Tg (kdrl:mCherry) hosts or ECs differentiated from WT Tg(kdrl: mCherry) donor cells in the tsu3994;Tg(kdrl:GFP) WT sibling hosts had a survival rate of over 98% (Fig. 2 , E-G). When WT Tg(kdrl:mCherry) cells were transplanted into tsu3994;Tg(kdrl: GFP) mutant host embryos, the donor-derived ECs still showed a survival rate of 100% at 48 hpf and 93.48% at 60 hpf (n ϭ 92), even if the adjacent vessels were broken (Fig. 2 , EЈ and FЈ). However, 44% of ECs (n ϭ 108) derived from tsu3994;Tg(kdrl:GFP) mutant donors in the WT Tg(kdrl:mCherry) hosts were deforming at 48 hpf, and all of these donor-derived ECs disappeared or deformed at 60 hpf (Fig. 2, EЈ and FЈ) . These data indicate that the vascular defect in tsu3994 mutants is cell autonomous.
Loss of Function of gbf1 Accounts for tsu3994 Mutant Phenotype-To uncover the responsible genetic modification in tsu3994 mutants, we performed classic positional cloning as published previously by the Zon lab (23) . The initial mapping in two families located the mutation site on chromosome 13, with two SSLP markers, z6104 and z6259, showing strong association with the mutant phenotype (Fig. 3A) . Through chromosomal walking and fine mapping, the mutation site was further narrowed to a ϳ140-kb region, which harbors five candidate genes, i.e. tnfaip2b, LOC101883199, pitx3, gbf1, and h2afy2 (Fig. 3B ). Then sequencing coding regions of these genes revealed that gbf1 in mutant embryos carried a T 3 G single nucleotide substitution in the 23rd exon ( Fig. 3C ). This T 3 G mutation is predicted to cause a leucine 3 arginine substitution (L1246R for X5 isoform of Gbf1) in Gbf1 protein, which is highly conserved across animal species from Caenorhabditis elegans to human ( Fig. 3D ). According to the NCBI database, intersegmental vessels (D) of mutants. Mt (B and D) and WT sibling (sib, A and C) embryos were generated in Tg(kdrl:GFP;gata1a:DsRed) double transgenic background, in which vasculature and blood cells were labeled by GFP (green) and DsRed (red), respectively. Arrows indicate cracking sites of vessels (B and D). Time points are indicated. See also supplemental Movies S1 and S2. E-G, vascular defect of tsu3994 mutants is cell autonomous. tsu3994;Tg(kdrl:GFP) Mt and sibling (Sib) embryos and Tg(kdrl:mCherry) transgenic embryos were used for transplantation at the shield stage in the indicated ways, and host embryos were observed by confocal microscopy at 48 hpf (E and EЈ) and 60 hpf (F and FЈ). The boxed areas in E and F are enlarged in EЈ and FЈ, respectively. Arrowheads and arrows in EЈ and FЈ indicate deforming mutant donor ECs (green) in a WT host embryo and surviving donor WT ECs in a mutant host embryo, respectively. G, the rate of survived ECs. Nc, number of observed ECs; Ne, number of observed embryos.
zebrafish gbf1 may produce five transcription variants (X1-X5), which all encode an identical protein except for a few amino acids in the non-conserved linker regions. The full-length Gbf1 X5 isoform (WT) consists of 1846 residues and the L1246R mutation resides in the highly conserved HDS2 domain (13, 24) ( Fig. 3E ). As shown in Fig. 3 (E and F) , the WT and mutant alleles could be precisely identified by PCR using a common reverse primer (R primer) in combination with a WT forward primer (F(T) primer) or a mutant-type (F(G)) forward primer.
We investigated the expression pattern of gbf1 by whole mount in situ hybridization and RT-PCR. The results disclosed that gbf1 is maternally and zygotically expressed; its transcripts are ubiquitously distributed at early stages but enriched in the head region at later stages in WT embryos (Fig. 3, G and H) . Importantly, gbf1 is also expressed in endothelial cells isolated from Tg(kdrl:GFP) embryos ( Fig. 3I) , which is consistent with its cell autonomous function in the vasculature. In mutant embryos, the expression level of gbf1 appeared to be higher as a whole (Fig. 3J ) or specifically in endothelial cells ( Fig. 3K ), which may result from unknown compensatory mechanisms.
To further validate the implication of the gbf1 T 3 G mutation, we first performed rescue experiments using gbf1 WT or mutant (T 3 G) mRNA. Injection of 100 pg of gbf1 WT mRNA at the one-cell stage could partially and temporally ameliorate the mutant phenotypes, including decreased pigments and hemorrhage ( Fig. 4, A and B) . In contrast, injection of gbf1 mutant mRNA neither caused any phenotype in WT embryos nor rescued the mutant phenotype in mutant embryos (data not shown), which suggests that the mutant Gbf1 is a loss of function form rather than a dominant negative form. Next, we knocked down gbf1 in WT embryos using a translation blocker morpholino (gbf1-tMO) ( Fig. 4C ). Injection with high doses (Ͼ4 ng) impaired early development of embryos (data not shown), likely manifesting a maternal effect of gbf1. At a lower dose (2 ng), morphants developed hemorrhage phenotype mimicking mutant embryos ( Fig. 4D ). Then we generated new gbf1 mutant lines by targeting the 23th exon using Cas9 technology. Subsequently, we identified gbf1 tsu-cd7 and gbf1 tsu-ci20 mutations, which carried a 7-bp deletion and a 20-bp insertion, respectively ( Fig. 4E ). Both mutations caused a frameshift, presumably resulting in a truncated Gbf1 protein lacking the HDS2, HDS3, and C-terminal proline-rich domains. Approximately 25% of embryos derived from gbf1 tsu-3994/ϩ ϫ gbf1 tsu-cd7/ϩ , gbf1 tsu3994/ϩ ϫ gbf1 tsu-ci20/ϩ , or gbf1 tsu-cd7/ϩ ϫ gbf1 tsu-ci20/ϩ crosses developed hemorrhage at 48 hpf ( Fig. 4E ), suggesting that all of these mutant alleles are non-functional. Furthermore, the tsu3994 mutant phenotype could be simulated by treating WT embryos with the Gbf1 inhibitor GCA (25) ( Fig. 4F ). Taken together, these data strongly support the idea that the tsu3994 mutant phenotype is caused by loss of function of gbf1.
Gbf1(L1246R) Is Inefficiently Recruited to the Golgi Apparatus-Gbf1 is an ARF GEF, which binds to and promotes the exchange of GDP bound by ARF for GTP. Gbf1 is rapidly dissociated from membrane-anchoring ARF upon the formation of ARF-GTP so that Gbf1 looks ubiquitously distributed in mammalian cells (26 -28) . The ARF-GDP-GBF1 complex can be stabilized by the Gbf1 inhibitor BFA, allowing enrichment of Gbf1 in the Golgi region (11, 12, 26, 29) . We asked whether the L1246R mutation causes subcellular displacement of zebrafish Gbf1. When overexpressed in HeLa cells, both Flag-Gbf1 (WT) and Flag-Gbf1(L1246R) of the zebrafish origin were slightly enriched in the cis-Golgi marked by the cis-Golgi tethering pro-tein GM130 (Fig. 5, A, B, and G) . When the cells were treated with BFA or GCA, Flag-Gbf1 was prominently enriched in the cis-Golgi region ( Fig. 5, C, E, and G) , whereas less Flag-Gbf1(L1246R) was recruited to the Golgi apparatus ( Fig. 5, D, F,  and G) . These results suggest that the Leu 3 Arg mutation disrupts the Golgi targeting property of Gbf1 protein; in other words, the HDS2 domain is required for localization of Gbf1 to the Golgi apparatus.
We note that the L1246R substitute resides within the fifth ␣-helix of the HDS2 domain that is highly conserved in the BIG/GBF family from yeasts to human (Fig. 3D) (24) . The ␣-helix property plotted by HELIQUEST (30) suggests that the L1246R substitution leads to loss of the hydrophobic face (Fig.  6A ). We found that replacement of Leu 1246 by the strong hydrophilic amino acids Asn, Arg, Lys, and Glu altered Flag-Gbf1 distribution, whereas substitution by other hydrophobic or weaker hydrophilic amino acids had no or little effect (Fig. 6B) . Thus, the hydrophobic face of the fifth ␣-helix in the HDS2 domain is necessary for Gbf1 translocation to the Golgi apparatus, which is possibly involved in protein-protein interaction.
Gbf1(L1246R) Fails to Activate Arf1 for Recruiting COPI Complex-Activation of Arf1 by a guanine exchange factor such as Gbf1 is important for maintaining the ER and Golgi integrity and for recruiting COPI complex (31) . We wondered whether Gbf1(L1246R) lacks the activity to activate Arf1. Given that only the active ARF-GTP stably retains in the Golgi apparatus to recruit downstream coat proteins (28), we evaluated the Gbf1 GEF activity by essaying Golgi enrichment of zebrafish Arf1 in HeLa cells. We introduced the M830L mutation into Flag-Gfb1 and Flag-Gfb1(L1246R) to generate Flag-Gfb1(M830L) and Flag-Gfb1(M830L;L1246R), respectively, which should confer insensitiveness to BFA/GCA treatment as does human GBF1(M832L) (26) . In the absence of GCA, Arf1-GFP, whenever transfected alone or co-transfected with Flag-Gbf1(M830L) or Flag-Gbf1(M830L;L1246R), were apparently enriched in the Golgi apparatus ( Fig. 7, A-C and G) . The addition of GCA, which inhibits function of endogenous GBF1 and causes Golgi fragmentation (as indicated by scattering GM130), resulted in decentralized distribution of overexpressed Arf1-GFP (Fig. 7, D and G) . However, the accumulation of Arf1-GFP in the Golgi apparatus was achieved in the presence of GCA by overexpressing Flag-Gbf1(M830L) (Fig. 7, E and G) but not Flag-Gbf1(M830L;L1246R) ( Fig. 6, F and G) . Furthermore, overexpression of Flag-Gbf1(M830L) but not Flag-Gbf1 (M830L;L1246R) largely rescued the integrity of the Golgi apparatus disrupted by GCA treatment (Fig. 7, E, F, and H) . Therefore, Gbf1(L1246R) most likely lacks the activity to activate Arf1.
Next, we determined whether Gbf1(L1246R) has the activity to promote ER-Golgi membrane recruitment of the COPI complex by observing location of ␤-COP, a coatomer protein subunit of the COPI complex. The endogenous ␤-COP protein was located on the transporting vesicles (large speckles) with enrichment in the perinuclear region ( Fig. 8A) , which was enhanced by transfection of Flag-Gbf1(M830L) (Fig. 8B) but not by Flag-Gbf1(M830L;L1246R) expression ( Fig. 8C ). GCA treatment led to disappearance of ␤-COP-containing speckles (Fig. 8D) , and those speckles reappeared following transfection of Flag-Gbf1(M830L) (Fig. 8E) but not Flag-Gbf1(M830L; L1246R) ( Fig. 8F ). Taken together, the above data indicate that L1246R mutation of zebrafish Gbf1 is unable to activate Arf1, ultimately leading to inefficient recruitment of the trafficking vesicle components.
Numerous Genes Are Up-regulated in Endothelial Cells of tsu3994 Mutants-We analyzed, by RNA-Seq, transcriptional profiles of kdrl:GFP ϩ ECs sorted from tsu3994;Tg(kdrl:GFP) mutant or WT sibling embryos at 44 hpf. For each sample, transcripts of more than 20,000 genes were mapped to the zebrafish genome assembly Zv10 (Fig. 9A ). Compared with kdrl:GFP ϩ ECs from WT siblings, ECs from mutants had 1063 up-regulated and 132 down-regulated genes (Ͼ2.0-fold with false discovery rate of Ͻ0.001) (Fig. 9B ). Gene Ontology term analysis disclosed markedly increased expression levels of genes for vesicle transport, in particular for vesicle coatomer proteins (Fig. 9C) . Real time RT-PCR analysis confirmed the significant increase of expression levels of copa, arcn1a, and copg2 in mutant kdrl:GFP ϩ endothelial cells (Fig. 9D) . It is likely that impaired vesicle trafficking in mutant endothelial cells C, test of effectiveness of gbf1-tMO. Wild-type embryos at the one-cell stage were injected and observed for GFP fluorescence by fluorescent microscopy at the shield stage. D, morphants showed hemorrhage (indicated by arrowheads) at 96 hpf with statistical data on the right. n, number of observed embryos. Note that most of morphants had edema that was not seen in tsu3994 mutants, which might arise from nonspecific effect. E, generation of gbf1 knock-out by Cas9 technology. The top panel showed the DNA sequences. The boxed area shows the gRNA-recognized sequence. Ϫ, deleted base; green, inserted bases; red, premature stop codon. The middle panel diagrams structures of WT and predicted mutant proteins. The bottom panel shows similar phenotypes of mutants carrying two different mutant alleles. The ratio of mutants derived from the same cross was indicated. Arrows indicate hemorrhage sites. F, phenotype in embryos treated with the Gbf1 inhibitor GCA. The top panel showed the start time points of treatment. The head and posterior trunk are shown in the middle and bottom panels, respectively, and hemorrhage sites are indicated by arrows. The ratio of embryos with the representative morphology is indicated. evokes unknown compensatory mechanisms to increase the expression levels of vesicle coatomer genes.
Inhibition of ER Stress and Apoptosis Compromises Hemorrhage in tsu3994
Mutants-Interestingly, we observed a significant increase of the ER stress marker ddit3/chop, as well as the proapoptotic genes badb and baxb in mutant endothelial cells ( Fig. 9, E and F) . In mammals, Ddit3, Bad, and Bax can promote cell death (32) (33) (34) . We guessed that tsu3994 mutants might have more apoptotic endothelial cells. Immunofluorescent detection of active Caspase3 indeed identified many more apoptotic endothelial cells in mutants at 36 and 48 hpf (Fig. 9G ). Then we tried to inhibit apoptosis to prevent hemorrhage in mutants by suppressing ER stress and knocking down proapoptotic genes. As a result, treatment with the ER stress and apoptosis inhibitor TUDCA (35) and knockdown of baxb were found to prevent bleeding in mutant embryos (Fig. 9H) ; baxb knockdown in combination with TUDCA treatment showed an even better effect. Knockdown of badb or inhibition of the stress sensor protein kinase RNA-like endoplasmic reticulum kinase (PERK) with GSK2656157 could reduce the proportion of mutant embryos with severe hemorrhage, exhibiting certain levels of rescue effect. However, knockdown of ddit3 and tp53 had no effect on hemorrhage occurrence (Fig. 9H) . It is likely that impaired vesicle trafficking and cargo transportation caused by deficiency of Gbf1 trigger ER stress and apoptosis in endothelial cells, ultimately leading to vascular breaches. Interestingly, defects in pigmentation and fins in tsu3994 were not obviously compromised by TUDCA treatment or/and baxb knockdown (data not shown), suggesting that molecular mechanisms underlying different defects are distinct.
Discussion
Gbf1 serves as a large ARF-GEF, and in vitro studies have disclosed that Gbf1 is essential for maintaining Golgi structures and thus for vesicle trafficking and protein transportation in mammalian cells (14 -16) . However, the embryonic function of Gbf1 in vertebrates remains unknown. In this study, we generated the zebrafish gbf1 mutant line, the first Gbf1-deficient vertebrate model. The deficiency of zygotic gbf1 causes hemorrhage, hypopigmenation, and malformation of caudal fin during embryonic development. The hemorrhage arises from the cell autonomous breakage of vascular vessels and can be prevented by inhibition of apoptosis. The phenotype of the zebrafish gbf1 mutant is similar to human autosomal recessive inherited Hermansky-Pudlak syndrome, which is characterized by hypopigmentation and bleeding tendency and is ascribed to mutations of genes involved in vesicle trafficking and protein secretion (36, 37) . It is worth noting that dozens of documented single-nucleotide polymorphisms in the human GBF1 locus, such as rs11558771, rs144633658, and rs375518420, predictably result in a premature stop codon with no synthesis of functional GBF1 protein. It would be interesting to investigate the clinical features of people who carry this kind of GBF1 mutation.
Zebrafish gbf1 is ubiquitously expressed. The fact that gbf1 zygotic mutants have no detectable defects during early embryogenesis may be attributed to the abundance of maternal Gbf1. Even at later embryonic stages, not all tissues in the gbf1 zygotic mutants showed obvious morphological defects. For example, the ears of gbf1 mutants look morphologically normal. In flies, depletion of garz, the mammalian GBF1 homolog, causes incomplete luminal diameter expansion of epithelial tubes such as salivary glands and trachea (38) . We demonstrate that the deficiency of gbf1 in the zebrafish leads to sporadic breaches of vascular vessels that also belong to an epithelial tubular tissue. It is likely that the vasculature is prone to apoptosis and subsequent rupture in response to the ER-Golgi stress induced by defective vesicle trafficking. The other types of tissues may be more capable of tolerating ineffective Gbf1-mediated vesicle trafficking. On the other hand, the zebrafish genome encodes other large ARF-GEFs such as big2/arfgef2 and big3/arfgef3 as well. The unaffected tissues in gbf1 mutants may associate with redundant or compensatory expression of other ARF-GEF genes or stimulation of other unknown pathways.
A previous study has shown that human GBF1 lacking the HDS2 domain is unable to locate to ERGIC and Golgi membranes (39) . We show that the single amino acid substitution L1246R within the HDS2 domain of zebrafish Gbf1, arising from chemical mutagenesis, abolishes its Golgi membrane targeting property and causes a complete loss of function. Therefore, the HDS2 domain is essential for Gbf1 function in vertebrate animals. However, the exact molecular mechanisms underlying the activity loss of Gbf1(L1246R) need further investigation.
GBF1 is required for infection of viruses and considered to be a potential target for developing antiviral drug. We should consider the side effects of such drugs on tissue homeostasis given that GBF1 plays an important role in the maintenance of tissue homeostasis.
Experimental Procedures
Zebrafish Strains and Maintenance-Fish or embryos of the Tuebingen (Tu) and India strain were used. The transgenic lines Tg(fli1a:EGFP) y1 (21) , Tg(gata1a:DsRed) sd2Tg (40) , and Tg(kdrl:GFP) s843Tg (41) were described before. Unless otherwise specified, embryos were raised in Holtfreter's solution at 28.5°C and staged as described previously (42) . Ethical approval was obtained from the Animal Care and Use Committee of Tsinghua University.
Fish Breeding, Mutagenesis, Screening, and Mapping-WT Tuebingen males aged 4 -8 months were mutagenized and bred as described (43, 44) . When a mutant was identified, the F2 heterozygotes were crossed to Tg(fli1a:EGFP) or Tg(kdrl:GFP; gata1a:DsRed) to monitor vascular system and also crossed to India strain for mapping. The gene mapping was performed as described previously (23) . For genotyping, a 349-bp fragment covering the mutant site was amplified with the forward primer F(T) (5Ј-TACGGCTTGCATGAGCTGCT-3Ј for the WT allele) or F(G) (5Ј-TACGGCTTGCATGAGCTGCG-3Ј for the mutant allele) and the reverse primer (5Ј-TCTGGATTTGC- CATGCTCGT-3Ј). Mutants beyond about 36 hpf were identified by morphological changes.
Constructs-Unless specific stated, cDNAs were of the zebrafish origin and the transcript variant X5 of gbf1 was used in this study. For in vitro mRNA synthesis, the coding sequence plus 5Ј-and 3Ј-UTR of zebrafish gbf1 was amplified and cloned into the pXT7 vector using enzymatic assembly method (45) . For overexpression in HeLa cells, full-length coding sequence of gbf1 was amplified and cloned in to pCS2(ϩ) vector with a Flag tag at the N terminus. The gbf1 mutant form with a T 3 G nucleotide substitution at ϩ3737, which resulted in L1246R substitution in the HDS2 domain of Gbf1 protein, and the GCA-resistant form with an A 3 C nucleotide substitution at ϩ2488, which resulted in M830L substitution in Gbf1 protein, were made by site-directed mutation. The coding sequence of zebrafish arf1 was amplified and cloned into pEGFP-N3 vector (Clontech) to generate GFP-targeted Arf1 at the C terminus. For making gbf1 in situ probe, a 3Ј fragment of the coding region was amplified (5Ј-TCCCGCACAGGATACT-CAGA-3Ј (forward) and 5Ј-GAAACGAGGAGAGGCAACCA-3Ј The M830L mutation in Gbf1 confers insensitivity to GCA treatment. Note that GCA treatment caused diffuse distribution of Arf1-GFP throughout the cell and fragmentation of the Golgi apparatus as indicated by disperse distribution of GM130 signal (D), which were ameliorated by expression of Gbf1(M830L) (E) but not Gbf1(M830L; L1246R) (F). G, relative enrichment of Arf1-GFP signal in the Golgi region, which was the ratio of Arf1-GFP signal within the GM130 ϩ Golgi region to the Arf1-GFP signal in the whole cell with background noise deducted. H, quantification of Golgi fragmentation. The number of disconnected Golgi fragments marked by GM130 within a cell was counted. Nc, number of cells; ***, p Ͻ 0.001. carried out as described with a small modification (50) . Images were acquired under a stereomicroscope.
Generation of gbf1 Mutants by Cas9 Knock-out-The Cas9 target sequences (gRNAs) were predicted using the online CRISPR design tool. The codon-optimized Cas9 mRNA and gRNA were synthesized and injected as described (51, 52) . The efficiency of mutations was evaluated using T7 endonuclease I (catalog no. M0302L, NEB) to digest the annealed PCR products. The gRNA targeting the 23rd exon (5Ј-AGCGAACAAT-CAGGGCTCAGAGG-3Ј) was co-injected with Cas9 mRNA. Founder fish (F0) carrying deletion mutations and corre sponding F1 embryos were raised up. F1 fish were crossed to gbf1 tsu3994/ϩ to identify mutants with a phenotype.
Embryonic Cell Transplantation-Embryos from crosses between Tg(kdrl:GFP);gbf1 tsu3994/ϩ heterozygotes or between Tg(kdrl:mCherry) WT transgenic fish were dechorionated at the shield stage, and cells at the ventral blastodermal margin were transplanted to a similar region in a host embryo as FIGURE 9 . Transcription profiles and apoptosis of tsu3994 mutant ECs. A-C, transcription profiling of tsu3994 ECs. kdrl:GFP ϩ ECs were sorted from tsu3994;Tg(kdrl:GFP) mutant or sibling embryos at 44 hpf for RNA-Seq analysis. A, gene numbers mapped to the zebrafish genome assembly version Zv10 in different samples. B, number of differentially expressed genes (DEGs) between the two samples (Ͼ2-fold with a false discovery rate of Ͻ0.001). C, Gene Ontology term categories with enriched expression for up-regulated genes in mutant ECs. D-F, expression levels of several vesicle coat genes and ER stress/apoptosis-related genes were analyzed at indicated stages by real time quantitative PCR. *, p Ͻ 0.05; **, p Ͻ 0.01; ns, statistically nonsignificant. G, tsu3994 embryos have more apoptotic endothelial cells. tsu3994;Tg(kdrl:GFP) Mt and wild-type sibling (Sib) embryos were immunostained for active caspase 3 (red) and GFP (green) at 36 and 48 hpf. A trunk region was shown. The apoptotic endothelial cells in mutants were indicated by arrowheads. Note that mutant embryos also had more apoptotic cells outside the vasculature that are likely to include blood cells leaking from broken vessels and other types of cells. The average number of Caspase 3 ϩ endothelial cells within four intersegmental vessels at comparable regions in Mt and siblings was shown on the right. H, effect of GSK2656157 and TUDCA treatments and knockdown of several apoptotic genes on hemorrhage in tsu3994 mutants. The treated or MO-injected embryos were subjected to O-dianisidine staining at 48 hpf. Following photograph, embryos were individually genotyped, and the mutants were classified into three categories as exemplified on the top. n, number of observed embryos; ***, p Ͻ 0.001. described before (53) . Transplanted embryos were cultured in Holtfreter's solution containing 0.003% PTU and 0.1% penicillin/streptomycin in a 48-well plate with the bottom covered by 1% agarose. Individual donors and hosts were genotyped by PCR at later stages. Transplanted ECs were counted and imaged at 48 and 60 hpf under a Zeiss710 confocal microscope.
Fluorescence Imaging and Time Lapse Imaging-The embryos to be imaged were incubated in Holtfreter's solution containing 0.003% PTU starting from the bud stage. Tg(fli1a:EGFP) transgenic embryos at 48 hpf for vascular monitor were immobilized in 1% low melting point agarose containing 0.02% MS-222 and imaged with Zeiss710 or Zeiss710 META confocal microscope. Tg(kdrl:GFP;gata1a:DsRed) embryos were used for time lapse imaging from 38 to 48 hpf under Olympus FV1200 confocal microscope.
Cell Sorting and RNA-seq Analysis-WT siblings and mutant embryos from crosses of Tg(kdrl:GFP); gbf1 tsu3994/ϩ at 44 hpf were dechorionated and disintegrated completely to prepare single-cell suspension. Then kdrl:GFP ϩ ECs were sorted by flow cytomer (FACSAria (BD) and MoFlo XDP (BeckMan)), and positive cells were confirmed by microscopy. Total mRNAs were extracted with the RNeasy mini kit (Qiagen) and sequenced and analyzed by BGI Co. The RNA-Seq data have been deposited in NCBI with GEO accession number GSE83987.
Cell Culture, Transfection, and Immunofluorescence-These experiments were performed as described before (54, 55) . For drug treatment, the transfected HeLa cells were cultured for 24 h, followed by incubation in 10 g/ml of BFA for 10 min or in 10 M GCA for 30 min or 12 h as indicated in corresponding figure legends. Immunofluorescence images of cultured cells were acquired with Zeiss710 or Zeiss710 META confocal microscope. The Z projections of confocal stacks were generated using microscope-integrated software or Imaris.
Statistical Analysis-Student's t tests (two-tailed, unequal variance) were performed in Microsoft Excel to determine the statistical significance of the differences. Quantitative data were presented as means Ϯ S.D.
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